We studied water chemistry and phytobenthos in streams of the Bohemian Forest (Šumava, Böhmerwald) in order to determine the influence of sewage originating from recreational usage on the diversity and structure of periphytic assemblages. Sites both above and below the outflow of sewage from touristically exploited villages and small recreational centres were compared. All together, we identified 113 species of algae and cyanobacteria in the samples, including very rare species such as Clastidium setigerum (Cyanobacteria). In some streams, waste discharge increased the concentration of nutrients to a marked degree. Species richness of phytobenthos was correlated neither to nutrient concentration nor to algal growth potential. However, an increase in chlorophyll-a, and a shift in the structure of phytobenthos assemblages were observed at sites below the source of pollution. At the most polluted sites Chlorophyta (e.g., Pseudodendoclonium basiliense, Chlorosarcina sp.) dominated, and Bacillariophyceae species sensitive to pollution were replaced by tolerant ones (Cymbella minuta, C. caespitosa, Diploneis oblongella and Nitzschia spp.).
Introduction
Streams are the first and often the principal collectors for many anthropogenic influences, e.g. eutrophication caused by organic sewage (Petts & Calow, 1996; Sommaruga & Psenner, 2001) . The mountains in Central Europe, including the Bohemian Forest (Šumava, Böhmerwald), have until recently been under strong impact of acidification (Vrba et al., 2000 (Vrba et al., , 2003 Lukavský et al., 2004) . Since the 1990s, a significant water recovery has been observed due to a decrease in emissions of acidifying pollutants (Kopáček et al., 2002) . Formerly masked by the acidification, organic pollution and industrial sewage have currently emerged as important human induced factors.
Numerous studies on periphyton in mid-and lowland streams have been published, but little data exist for mountain sites (Kann, 1978; Pfister, 1992a, b; Elster et al., 1997; Hieber et al., 2001) . Specific features of mountain streams (high current velocity, stony bottom, low temperature) limit the application of general models of self-purification, and thus need their own verification. Algal communities of mountain streams are generally dominated by Bacillariophyceae, Cyanobacteria and Chrysophyceae. In alpine regions, glaciers are often the principal environmental determinants, which increase seasonal fluctuations of environmental factors, or upstream lakes (Hieber et al., 2001 ). However, significant anthropogenic influence is frequently observed even in remote mountain areas. The phytobenthos of 63 streams in the boundary area of the Bohemian Forest were studied by Lukavský et al. (2004) . The phytobenthos was mostly controlled by acidification, followed by industrial and domestic sewage and agriculture. The character of the bottom, presence of fish, and current velocity were the most important factors not connected to anthropogenic influence. In total, 256 species of different groups of algae and cyanobacteria were identified in the streams; the species richness at particular sites was very similar.
Mountain streams under the influence of sewage were also studied by Kawecka (1977 Kawecka ( , 1980a Kawecka ( , b, 1981 including a very detailed semi-quantitative evaluation of changes in the structure of periphyton assemblages focused especially on Bacillariophyceae. By analysing 70 sites, seven assemblages were established for pure, and three for contaminated streams. In all, 380 species of different groups of algae and cyanobacteria were identified in the streams (77-94% were Bacillariophyceae). Unfortunately, combined studies of both chemical characteristics and phytobenthos have been limited only to a few mountain streams (Bombowna, 1977; Kawecka, 1977) . Rybi Potok stream in the High Tatra Mts was loaded with sewage from a shelter near Table 1 . Morskie oko lake, which is yearly visited by about one million visitors. The sewage underwent only primary treatment, and caused a strong differentiation of attached algae along the stream course, with a zone of strong eutrophication for about 30 m below the outflow of sewage, which was dominated by Phormidium favosum (Cyanobacteria), Nitzschia palea, Navicula cryptocephala and Cymbella ventricosa, and the fungus Leptomitus lacteus. The aim of this study was to evaluate the influence of sewage, originating from increasing recreational usage, on both the water quality and phytobentos diversity and structure in selected streams of the Bohemian Forest.
Material and methods
Study sites are situated in the Czech part of the Bohemian Forest, at elevations from 770-1020 m. a.s.l., and originate from two drainage areas: the Vltava and the Danube (Fig. 1) . The range of stream slopes at sampling sites was 2-18
• ; stream bottoms were covered mainly by stones (Tab. 1, Fig. 2 ). The stream bed was evaluated according to the Nordic Standard Protocol (JARLMAN et al., 1996) . All sites are located on crystalline bedrock, with mainly granite and Phytobenthos of mountain streams influenced by recreation S535 paragneiss (TESAŘ, 1990) ; the catchments are predominantly covered by spruce forest. Small touristically exploited villages and recreation centres are the main sources of pollution. In most cases, sites situated both upstream and 100 m downstream of the outflows of sewage were sampled to evaluate the effect of pollution on stream water chemistry and phytobenthos (Tab. 1). Samples were taken twice a year during periods of high recreational activity: in early spring 2005 and 2006 (beginning of snow melting), and in summer 2004 and 2005 (low discharge) .
In the field, we measured conductivity using conductometer (model Iskra MA5950), water temperature and concentration of dissolved oxygen with a WTW Oxi320 meter, and pH with a WTW pH meter. In the laboratory, water samples were filtered the same day through 0.45 µm filters, chemically preserved, and stored in a cooler box. The analysis of each parameter followed the methods as described in GRASSHOF (1983) . Determination of nitrate nitrogen (NO3-N), ammonium nitrogen (NH4-N), phosphate phosphorus (PO4-P), total dissolved nitrogen (TDN) and total dissolved phosphorus (TDP) was done using flow injection analysis with spectrophotometric detection (TECA-TOR spectrophotometer, model 5042 with analyser 5012). Organic nitrogen was calculated as the difference of TDN and the sum of dissolved inorganic forms of nitrogen. Discharge (Q) was estimated from the water depth and the velocity of flow (BARTRAM & BALANCE, 1996) .
Epilithic samples were taken following the European protocol by brushing the surface of 3-5 submerged stones (KELLY et al., 1998) , and suspended in 100 ml of water. The samples were stored alive in an insulated cooler box, and transported within 2 days to the laboratory. From various estimates of autotrophic biomass, which are typically highly correlated among each other (VIS et al., 1998) , we selected chlorophyll-a (chl-a) concentration as a widely used standard method (e.g., BIGGS & KILROY, 2000) . Chl-a was extracted in a mixture of acetone/methanol (5 : 1) and determined spectrophotometrically (Shimadzu UV-1650PC) according to LORENZEN (1967) and PECHAR (1987) . Chl-a concentration was related to surface areas of stones, which were calculated as blocks. The algal growth potential (AGP) was evaluated using the microprocedure within immunological plates after LUKAVSKÝ (1992) .
Microphotography and light microscopy were done using an Olympus BX50 microscope equipped with HI 100x/1.35 corr. objective. The most common species of phytobenthos were assumed to be dominants; identifications were made according to the monographs of HINDÁK (1978), HUBER-PESTALOZZI (1961) , KOMÁREK & FOTT (1983) , KRAMMER & LANGE-BERTALOT (1986 , 1988 , 1991a , STARMACH (1966 STARMACH ( , 1968a STARMACH ( , b, 1977 , SIEMIŃSKA (1964), and SLÁDEČKOVÁ & SLÁDEČEK (1998) .
In 2005, a detailed study of diatom assemblages was performed. Diatom frustules were cleaned by boiling with hydrogen peroxide to eliminate organic matter, then washed and mounted in Pleurax (FOTT, 1954) . Using an inverted microscope (Nikon Diaphot), at least 300 valves per sample were counted to estimate the relative abundance of each taxon in the samples. Relative abundances were divided into five classes according to KELLY (2000) . The Shannon diversity index, as well as equitability of diatom communities, were calculated following equations in SHANNON & WEAVER (1949) . Data on the relative abundances of diatom species and environmental factors were processed using CANOCO and CanoDraw software (TER BRAAK & ŠMILAUER, 1998 . We used the principal components analysis (PCA) to determine correlations among habitat factors. Some variables were excluded from further analysis due to their strong intercorrelations with remaining factors (e.g., conductivity). Since the gradient length was shorter than 4, redundancy analysis (RDA), a direct gradient analysis, was used to explore the relationships between the structure of diatom assemblages and environmental variables. At first, the effect of site (locality) was examined, and this factor was then used as a covariable in further analysis. To test the significance of environmental variables in RDA, a Monte Carlo permutation test was used. Acronyms of diatom species were derived according to LENOIR & COSTE (1996) or generated ad hoc.
Results and discussion

Stream water chemical characteristics
The range of pH and conductivity in the investigated streams was 4.7-7.4 and 13-112 µS cm −1 , respectively. Typically, these parameters slightly increased along the river course (Tab. 2). The water in all streams under study was characterised by rather high dissolved oxygen concentrations (4.1-11.9 mg L −1 ). The concentration of anions was very low at most sites (Tab. 2), and ranged within the orders of 0.01 To a great degree, the chemical composition of the stream water depends on bedrock composition (Hem, 1970; Oleksynowa, 1970) . The lowest pH was recorded in the upper parts of catchments with crystalline rocks which are covered by peat and podzols. The highest water pH was recorded in the Spůlka catchment, characterised by the occurrence of alkaline rocks such as crystalline limestone or aplite (Tab. 2; Tesař, 1990) . The relatively high discharge levels of acidic water from the surroundings of the Kvilda and Borová Lada villages, which are both covered by acid soils and have low wastewater discharges, is probably responsible for the small increases of pH (from 6.5 to 6.8) in the Vltava River (Tab. 2). Generally, chemical characteristics of stream water were at levels characteristic of crystalline areas. However, below the village of Kvilda (1.2.), the recreational centre of Zadov (5.2.) and the cottage at the Vydří stream (8.3.), the concentrations of nutrients markedly increased, which was indicated chiefly by an increase in NH 4 -N and PO 4 -P concentrations (Tab. 2, Fig. 3 ). Overall, PCA revealed a strong negative correlation between the concentration of nutrients and discharge, confirming a higher sensitivity of smaller streams to pollution (Fig. 4) .
AGP and phytobenthos biomass AGP, as a growth bioassay, reflects not only the quantity of nutrients, but also the availability of microelements and the possible presence of toxic elements or compounds. However, only a low proportion of the potential developed in the laboratory is usually realised under natural conditions (Lukavský, 1992) . Values of AGP in samples showed a strong correlation with nutrients (TDN, TDP) and conductivity proving the absence of any significant toxic influence in the streams (Tab. 3). These results are in accordance with the previous study of Lukavský et al. (2004) , where AGP values of stream water in the Bohemian Forest were also greatest at sites influenced by sewage. AGP was not significantly correlated with species richness (Tab. 3), Phytobenthos of mountain streams influenced by recreation Q -discharge, temp -temperature, cond -conductivity, TDNtotal dissolved nitrogen, TDP -total dissolved phosphorus, orgN -organic nitrogen. For site codes, see Table 1 . which is in contradiction with generally accepted pattern (Odum, 1977) . The range of benthic chl-a was 0.5-21 mg m −2 , which corresponds to oligotrophic conditions according to the classification scheme proposed by Dodds et al. (1998) . In summer samples, we observed a significant increase in chl-a in samples downstream of the sewage outflow from villages and recreational centres, reflecting the increased concentration of nutrients. In spring, there was also a slight but not significant increase, which was probably the result of generally un- In summer, the difference was statistically significant (P < 0.05). Table 1 . SP -spring, SU -summer.
favourable conditions for autotrophic growth in comparison with the summer period due to low irradiance and temperature (Fig. 5) . Nutrient enrichment typically stimulates periphyton growth in streams, and the total nitrogen and phosphorus concentrations explain the greatest portion of variance in the biomass of benthic stream algae (Dodds et al., 2002) .
Diversity and species composition of phytobentos
In total, we found 113 species of algae and cyanobacteria. The most common were Bacillariophyceae (47 species; Appendix 1), followed by Cyanobacteria (25), Chrysophyceae (3), Chlorophyceae (21), Conjugatophyceae (11), Rhodophyta (5) and Xanthophyceae (3). This total species richness of phytobenthos is comparable with previous studies conducted in the Bohemian Forest (e.g., Zahrádková, 1996; Lukavský et al., 2004) , as well as in other mountain ranges in Europe (e.g., Kawecka 1980a Kawecka , b, 1981 Rott, 1991; Pfister, 1992a, b; Hieber et al., 2001) . A lower number of phytobenthos species is characteristic for extreme sites (e.g., Elster et al., 1997) .
The species richness of phytobenthos per site was very similar, and we did not observe any shifts in relation to discharge of sewage. For example, in the Vltava River above and below the sewage outflow there were 24-30 species (sites 1.2., 1.3., 1.4.; Tab. 4). Accordingly, there was no significant correlation between species richness and concentration of nutrients (TDP, TDN) or AGP (Tab. 3). Similar results were obtained when separately analysing relative abundances of Bacillariophyceae species in samples. The Shannon diversity index (range 1.0-2.9) and equitability of diatom assemblages had no relation to site position in regard to sewage outflow (Fig. 6) . The pattern typically observed as a result of eutrophication is a decrease in species diversity and an increase in productivity (e.g., Wilhm & Dorris, 1968; Masseret et al., 1998) . However, a general application of this relationship is controversial, because increases in Bacillariophyceae species diversity and equitability are observed rather frequently as a result of nutrient enrichment (Marcus, 1980; Jüttner et al., 1996) . Most likely, the changes in nutrient content in the streams under study were too slight in order to induce changes in species diversity, which is in agreement with results of Vis et al. (1998) , who found no differences in diversity between sites with varying levels of urban wastewater.
However, we recorded a shift in the species composition of phytobenthos at some sites as a result of sewage outflow. Characteristic dominants of unpolluted sites were generally Cyanobacteria (e.g., Chamaesiphon incrustans), Bacillariophyceae (see below) or Chrysophyceae (Hydrurus foetidus). The finding of Clastidium setigerum (Cyanobacteria) in the unpolluted Prášilský stream (site 7.0.) is the second record of this species in the Bohemian Forest (cf. Zahrádková, 1996) . Until recently, it was found only in high mountain streams in the Alps and in the High Tatra Mountains. On the other hand, the dominance of Chlorophyta (e.g., Chlorosarcina sp. and filamentous species Pseudodendoclonium basiliense) was characteristic of the most polluted sites.
Regarding epilithic Bacillariophyceae, Diatoma mesodon, Fragilaria capucina, Gomphonema parvulum, Meridion circulare, Pinnularia subcapitata and Tabellaria flocculosa were the most common species in our study (Appendix 1). This is in accordance with Kawecka (1981) , who classified Diatoma mesodon and Meridion circulare as the most common species of European headwaters. Another frequently recorded species, Achnanthes minutissima, is also common in mountain streams (e.g., Kawecka, 1981; Pfister, 1992b) , and considered as a good indicator of oligotrophic conditions (Kelly, 2000) . Explanations: For site codes, see Table 1 ; * not sampled; ** excl. Bacillariophyceae. Fig. 7 . Correlation of relative abundances of epilithic diatom species with environmental factors, which were previously selected by forwarded RDA. Q -discharge, TDN -total dissolved nitrogen, TDP -total dissolved phosphorus. For species abbreviations, see Appendix 1.
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The effect of environmental variables on the structure of Bacillariophyceae assemblages was explored using RDA. The significant factors selected by forwarded RDA (P < 0.05) were TDN and TDP concentrations and Q (Fig. 7) . These parameters explained 20.4% of the variability in species data; 48.2% of the variability was explained by the site effect (run as covariable). Higher nutrient content was strongly correlated with the occurrence of Cymbella minuta, C. caespitosa, Diploneis oblongella and Nitzschia spp., whereas Eunotia exigua, E. tenella, E. incisa and other Eunotia species were separated as sensitive to pollution. Higher discharge is preferred by Fragilaria arcus, F. ulna, F. capucina and Navicula minuscula (Fig. 7) . The data are in accordance with Kawecka (1977) , who recorded high occurrence of the genera Cymbella and Nitzschia below the sewage discharge into the Rybí potok stream in the High Tatra Mountains. An exchange of sensitive diatom species for resistant ones due to the discharge of treated sewage was also observed by, e.g., Masseret et al. (1998) .
Conclusions
The influence of the discharge of sewage originating from villages and recreational centres in the Bohemian Forest was recognizable from changes in both chemical and biological variables. The concentrations of nutrients markedly increased especially below the village of Kvilda (1.2.), the recreational centre of Zadov (5.2.), and the cottage at the Vydří stream (8.3.). The effect of sewage outflow was mitigated in streams with higher discharge (Vydra). Better nutrient availability at most sites downstream of the outflow was reflected in a higher periphyton biomass in comparison with upstream sites. Total species richness of phytobenthos and diversity of diatom assemblages were not significantly affected by the concentration of nutrients. However, the structure of the phytobenthos community was changed at the most polluted sites, with an increased proportion of Chlorophyta (e.g., Pseudodendoclonium basiliense, Chlorosarcina sp.), and a shift in diatom assemblages towards resistant species such as Cymbella minuta, C. caespitosa, Diploneis oblongella and Nitzschia spp., which replaced sensitive ones (e.g., Eunotia exigua, E. tenella and E. incisa).
Mann
Nörpel et Lange-Bertalot TabFlo  2  1  2  1  2  3  2  2  2  1  1  1  1  1  3  1  -1 Explanations: 1 -< 1%; 2 -≥ 1 < 5%; 3 -≥ 5 <10%; 4 -≥ 10 <50%; 5 -≥ 50% (classes of relative abundances according to KELLY, 2000) . Práš. -Prášilský potok. For site codes, see key in Table 1 .
